Mitochondrial LYRM (leucine/tyrosine/arginine motif) proteins are members of the Complex1_LYR-like superfamily. Individual LYRM proteins have been identified as accessory subunits or assembly factors of mitochondrial OXPHOS (oxidative phosphorylation) complexes I, II, III and V respectively, and they play particular roles in the essential Fe-S cluster biogenesis and in acetate metabolism. LYRM proteins have been implicated in mitochondrial dysfunction, e.g. in the context of insulin resistance. However, the functional significance of the common LYRM is still unknown. Analysis of protein-protein interaction screens suggests that LYRM proteins form protein complexes with phylogenetically ancient proteins of bacterial origin. Interestingly, the mitochondrial FAS (fatty acid synthesis) type II acyl-carrier protein ACPM associates with some of the LYRM protein-containing complexes. Eukaryotic LYRM proteins interfere with mitochondrial homoeostasis and might function as adaptor-like 'accessory factors'.
Overview
Mitochondria harbour fundamental functions of cell metabolism. The mitochondrial OXPHOS (oxidative phosphorylation) complexes are central for the efficient production of ATP. In addition to supplying energy, mitochondria play an important role in regulation of the cell cycle, apoptotic cell death, Ca 2 + homoeostasis and Fe-S cluster biogenesis. The mitochondrial proteome has been evaluated and classified based on genomic and proteomic comparative analyses [1] [2] [3] [4] . The majority of mitochondrial proteins show clear bacterial ancestry such as components of the citric acid cycle, fatty acid degradation and folate metabolism [2] . For example, new findings provide evidence that mitochondria also contain all ancient enzymes to synthesize fatty acids in a prokaryotic ACP (acyl-carrier protein)-dependent manner [5] . The mitochondrial FAS (fatty acid synthesis) pathway follows the bacterial FAS type II mode with individual polypeptides carrying out the different functions. In contrast, eukaryotic cytosolic FAS type I is performed by a multifunctional macromolecular protein complex. The conserved mtFAS II is suggested to form octanoic acid for the production of lipoic acid that is an important cofactor for mitochondrial enzymes e.g., PDH (pyruvate dehydrogenase) and 2-oxoglutarate dehydrogenase. In addition to the ancient proteins, genetic and proteomic analyses revealed groups of mitochondrial proteins that evolved early after the endosymbiotic event such as the mitochondrial import machinery, mitochondrial carriers and the LYRM (leucine/tyrosine/arginine motif) proteins of the Complex1_LYR-like superfamily [2] . The members of this superfamily have been shown to interact with ancient mitochondrial proteins, for example, the eukaryotic LYRM4 protein (Isd11 in Saccharomyces cerevisiae) acts as a novel functional partner to the central Nfs1 protein of Fe-S cluster biogenesis (essential Isd11/Nfs1 complex) [6] . The Pfam clan Complex1_LYR-like superfamily (CL0491) was built by P. C. Coggill from the Wellcome Trust Sanger Institute [7] . Proteins carrying the LYRM are short polypeptides (∼15 kDa) that harbour a highly conserved tripeptide LYRM close to the N-terminus (Figure 1 ). The Complex1_LYR-like superfamily has three members: Complex1_LYR family (Pfam05347, Figure 1A ), Complex1_LYR_1 family (Pfam23232, Figure 1B ) and Complex1_LYR_2 family (Pfam23233, Figure 1C ). The Complex1_LYR family and Complex1_LYR_1 family are very similar. Both protein families harbour a highly conserved phenylalanine residue flanked by a specific pattern of arginine residues ( Figures 1A and 1B) . In contrast, the proteins of the Complex1_LYR_2 family are significantly larger than the Complex1_LYR/LYR_1 proteins and harbour a conserved tyrosine/glycine pattern near the C-terminus ( Figure 1C) .
In general, the phylogenetically more recent LYRM proteins seem to play a role in the maintenance of mitochondria in the eukaryotic cell ( Figure 2 ). The human genome contains at least 11 LYRM proteins, and a number of human diseases have been linked with these [61] proteins including insulin resistance, muscular hypotonia, Friedreich's ataxia, apoptosis in HIV-1 infection, infantile leukoencephalopathy and alcohol dependence (Table 1) .
LYRM1
The LYRM1 protein is identified in higher eukaryotes exclusively. The LYRM1 gene is highly expressed in omental adipose tissue of non-lean individuals [8] . In human hepatocytes, the transcription factor PPARα (peroxisomeproliferator-activated receptor α) agonist Wy14643 (pirinixic acid) significantly induced the expression of the LYRM1 gene [9] . The protein has been identified in isolated murine mitochondria of differentiated cells [2] and also in the nucleus in murine 3T3-L1 pre-adipocytes [8] . The knockdown of LYRM1 in mature 3T3-L1 adipocytes resulted in improved mitochondrial function that was reflected in increased mitochondrial membrane potential, cellular ATP production and decreased ROS (reactive oxygen species) production [10] . The overexpression of LYRM1 in the same cell line resulted in abnormal mitochondrial morphology, a decline in mitochondrial membrane potential, decreased intracellular ATP synthesis and a reduced insulin-stimulated uptake of glucose [11] . Furthermore, an excessive production of intracellular ROS was observed and suggested to trigger the development of insulin resistance. LYRM1 overexpression in rat L6 myotubes interferes with insulin signalling, suggesting a potential role for LYRM1 in glucose homoeostasis in skeletal muscle cells [12] . Interestingly, lipoic acid has a positive effect on the insulin-stimulated glucose uptake in L6 myotubes [13] and it ameliorates the effects induced by LYRM1 overexpression in 3T3-L1 adipocytes [14] (Figure 2 ).
LYRM2
LYRM2 is a protein of higher eukaryotes with unknown function and has been identified in murine mitochondria [2] . Treatment of human amnion epithelial FL cells with the compound benzo[a]pyrene diol epoxide that induces bulkyadduct DNA damage, up-regulated the LYRM2 gene [15] . However, the physiological role of LYRM2 has yet to be elucidated.
LYRM3 and LYRM6
Respiratory complex I is an Fe-S cluster-containing multisubunit 1 MDa membrane protein with a central function in energy metabolism [16, 17] . The enzyme is a major source of ROS and has been implicated in the pathogenesis of a number of human muscular and neurodegenerative diseases [18, 19] . Mitochondrial complex I consists of 14 central subunits and 30 accessory subunits as described for the well-characterized bovine enzyme [20, 21] . LYRM3 and LYRM6 are accessory subunits of complex I (human complex I subunits NDUFB9 and NDUFA6; Figure 2 ). In HIV-1-infected T-cells, the NDUFA6 gene is down-regulated and the activity of complex I is impaired, resulting in the induction of the apoptotic pathway [22] . TEAD1 is a transcription factor involved in activation of muscle-specific genes. It has been shown that the murine NDUFA6 gene is a target gene of TEAD1 in the differentiation process of myoblast C2C12 cells [23] . Subunit NDUFB9 has been shown to reside at the membrane arm of mitochondrial complex I [20, 24] . NDUFB9 mRNA has been reported to respond to cellular iron levels [25] . Human pathogenic NDUFB9 mutation L64P results in reduced complex I activity and ultimately in a progressive course of muscular hypotonia and raised blood lactate [26] . Interestingly, Trypanosoma brucei in its bloodstream form produces a subcomplex of the membrane arm that contains NDUFB9 and another LIR (LYRM4/Isd11-related)-LYR protein with an unknown function [27] . The essential ACPM (mitochondrial ACP) protein of mitochondrial FAS type II also is a bona fide subunit of complex I (human subunit NDUFAB1; Figure 2) ; however, the major portion of the ACPM pool has been identified as soluble matrix protein in bovine heart mitochondria [28] [29] [30] .
LYRM4
The first steps of the essential biogenesis of Fe-S clusters take place exclusively in the matrix space of mitochondria [31] . LYRM4 (Isd11) forms a complex with the cysteine desulfurase Nfs1. Fe-S clusters are assembled on scaffold proteins and the sulfur atoms are delivered by the LYRM4-Nfs1 complex. The complex also interacts with frataxin and other proteins involved in Fe-S cluster biogenesis [32] . Depletion of LYRM4 by siRNA in HEK (human embryonic kidney)-293T cells resulted in an increased intracellular iron content as observed in Friedreich's ataxia caused by defects in frataxin [32] . Mutations of the LYRM in LYRM4 from S. cerevisiae resulted in partial loss of Nfs1 function [33] . Prokaryotes contain all proteins for Fe-S cluster biogenesis and FAS including the ACP. Interestingly, in Escherichia coli, a cysteine residue of the Nfs1 protein forms a disulfide bridge with the free thiol group of the phosphopantetheine cofactor from the ACP representing a stable Nfs1-S-S-ACP complex [34] . In S. cerevisiae and Drosophila melanogaster, 
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the mitochondrial ACPM protein also associates with the LYRM4-Nfs1 complex; however, probably not via a covalent link [35, 36] . In summary, LYRM4 has been identified in a complex with frataxin and/or ACPM, which are both small acidic proteins. This might suggest that LYRM4 functions as an adaptor protein between Nfs1 and ACPM or frataxin respectively.
LYRM5
LYRM5 is a mitochondrial protein [2] that is also termed Ghiso (growth-factor inducible soluble) factor. It is a candidate gene for PAS1 (pulmonary adenoma susceptibility 1; lung cancer) [37] [38] [39] . LYRM5 is also a COPP (complex I phylogenetic profile) protein [2] . COPPs are absent from organisms that do not contain respiratory complex I such as S. cerevisiae. These proteins have consequently been suggested to be assembly factors for complex I as demonstrated for NDUFAF 3, 5, 6 and 7 respectively [40] [41] [42] [43] [44] . However, the knockdown of LYRM5 in human fibroblasts resulted in only a modest reduction in complex I activity to 80 % [2] . Interestingly, mitochondrial enzymes for the degradation of BCAAs (branched-chain amino acids) and metabolism of BCFAs (branched-chain fatty acids) are also complex Irelated COPP genes. Fatty-acid-derived metabolites and BCAAs are associated with the onset of insulin resistance (see also LYRM1) [45] , and BCFAs induce mitochondrialmediated apoptosis in human breast and bladder cancer cells respectively [46, 47] .
LYRM7 and LYRM8
Succinate:ubiquinone oxidoreductase (SDH) and ubiquinol:cytochrome c oxidoreductase (bc 1 complex) are respiratory complexes II and III respectively [48, 49] . Complex II subunit SDHB harbours three Fe-S clusters and the Fe-S cluster-containing subunit of complex III is the welldescribed Rieske protein. LYRM8/SDHAF1 is an assembly factor for complex II and pathogenic mutations of LYRM8 induce SDH-defective infantile leukoencephalopathy [50] . The Mzm1 (LYRM7) protein from S. cerevisiae has been described as a chaperone for the Rieske protein; however, the insertion of the Fe-S cluster into the Rieske protein was not affected by this assembly factor [51, 52] . Recently, the same results have been obtained for the human LYRM7/Mzm1L protein [53] .
LYRM9
LYRM9 is a protein of higher eukaryotes with an unknown function. The probability for the export to mitochondria is 97 % as calculated using the bioinformatics tool Mitoprot [54] . The LYRM9 gene (C17orf108) has been identified as one of four response biomarkers for the immunosuppressive compound MPA (mycophenolic acid) that is commonly used to treat patients with solid organ transplants [55] .
FMC1 (formation of mitochondrial complexes protein 1)
FMC1 is a member of the Complex1_LYR_2 family and interacts with the complex V assembly factor ATP12 [56] . Human ATP11 (ATPAF1) and ATP12 (ATPAF2) play a key role in the assembly of the F 1 component of the ATP synthase [57] . The mutation of human ATP12 (W94R) is believed to be the cause of the impaired complex V activity in a patient with mitochondrial encephalomyopathy [58] . In S. cerevisiae, the direct association of FMC1 and ACPM was identified by a tandem affinity purification screen [35] representing a further example of the interaction of a LYRM proteincontaining protein complex (FMC1/ATP12) with the ACPM of mitochondrial FAS type II (Figure 2 ).
ACN9 (acetate non-utilizing protein 9)
Like FMC1, ACN9 carries the Complex1_LYR_2 motif and data from S. cerevisiae show that ACN9 is located in the intermembrane space of mitochondria [59] . Mutants defective in the ACN9 gene displayed phenotypes identical with mutants defective in enzymes required for acetate metabolism, suggesting that the protein is involved assimilation of ethanol or acetate into carbohydrate [59] . In humans, multiple variants of the ACN9 gene have been identified with significant evidence of association with predisposition to alcohol dependence [60] .
Concluding remarks
Reorganization of the eukaryotic cell after the endosymbiotic event triggered an increase in complexity of the mitochondrial OXPHOS complexes and metabolic pathways. LYRM proteins contribute to the higher complexity of various mitochondrial enzyme complexes as subunits or assembly factors. Furthermore, interaction with ancient proteins of bacterial origin involved, e.g., in Fe-S cluster biogenesis and possibly in FAS type II (production of lipoic acid) suggests that the nuclear-encoded LYRM proteins function as adaptorlike or accessory factors in the control of mitochondrial homoeostasis.
